While many synthetic aperture radar (SAR) applications use only detected imagery, dramatic improvements in resolution and employment of algorithms requiring complex-valued SAR imagery suggest the need for compression of complex data. Here, we investigate the benefits of using complexvalued wavelets on complex SAR imagery in the embedded zerotree wavelet compression algorithm, compared to using real-valued wavelets applied separately to the real and imaginary components. This compression is applied at low ratios (4:l-12:l) for high fidelity output. The complex spatial correlation metric is used to numerically evaluate quality. Numerical results are tabulated and original and decompressed imagery are presented as well as correlation maps to allow visual comparisions.
Introduction
The immediate goal of this research is to address the problem of transmitting massive amounts of high resolution complex S A R data from a remote airborne sensor to a ground station for exploitation in real-time. This data may be used for interferometry, coherent change detection or some other application in which complex-valued data is required. However, the quality of the data must be sufficiently maintained to allow little or no impact on the application if any loss of information is incurred in its compression.
Wavelets are widely used in lossy image compression schemes for their ease of implementation and performance. Since applications which use realvalued data in general are more common (such as those which require photographic imagery, detected or logmapped radar imagery, etc.), a great deal of available research has been applied to the use of real-valued wavelet filter banks on real-valued data. This paper addresses the application of a wavelet compression scheme to complex-valued imagery. The method of compression upon which this research is based is the embedded zerotree wavelet (EZW) coding algorithm of Shapiro, described in [l] . The question we sought to answer is: "Is there an advantage to using complexvalued wavelets in compression on complex imagery ?"
The data used in this research is both one-meter and one-foot resolution complex imagery collected by the Sandia National Laboratories' SAR carried onboard the U.S. Department of Energy's Twin Otter aircraft. These images are urban and rural scenes of areas on Kirtland Air Force Base in Albuquerque. Each pixel has a 16-bit signed integer real and imaginary component (32-bits/pixel).
Methodology
To apply real-valued wavelets, each SAR complex image was first segregated into real and imaginary "images". For each, the wavelet transform produced a real-valued coefficient image, which was then compressed using the EZW algorithm. These two coefficient images were compressed independently at the encoder and decompressed independently at the decoder. After decompression and the inverse wavelet transforms, the two reconstructed real and imaginary "images" were formed into a lossy decompressed version of the original complex image.
Using complex-valued wavelets directly on complex imagery, the wavelet transform produces a complex coefficient "image". To apply the EZW algorithm in this case, the complex coefficient image was segregated into its real and imaginary components. The zerotree coding was then applied to each component "image" independently. The decoder performed the reverse operation: zerotree decoding the real and imaginary coefficient images independently which are then combined into a complex wavelet transformed image. 0-7 803 -5 1 4 8 -7/9 8/$10.000 1 9 9 8 IEEE The complex inverse wavelet transform then generated a lossy decompressed version of the original image.
The real-valued wavelets used in testing include the Daubechies 4, 6, 8 and 10-tap orthogonal filters, the Haar filter, and the biorthogonal 6/6, ' W7, 513, 2/6 and 913 filter banks. The complex-valued filters used were the normal symmetric complex Daubechies 10 and 6-tap filters, and four of the conjugate quadrature 4-tap filters described in [2] . In addition, a length two complex conjugate symmetric filter bank was employed. This filter bank was derived using a construction procedure contained in [3] . For all filters, a range of compression ratios was tested from 4:l to 12:l in increments of 2. A more detailed analysis of SAR image compression using real-valued wavelets (on both detect'ed and complex SAR imagery) may be found in 
Quality metric Daubechies 6-tap Complex
Various measures have been used to quantify the quality of lossy compressed imagery, including S N R and MSE. But these metrics have been shown to provide misleading results particularly with large dynamic range data such as SAR [4] In the case at hand, the object is to determine the quality degradation between two complex SAR images which are of the same size and are registered, sincc one is just a compressed/decompressed version of ithe other. From these two images a correlation map may be computed. This map will have the same dimensions as the original: for each pixel location, the correlation coefficient is calculated based on the pixels in a small neighborhood about it (5x5 for example) using commion pixels in each image. In this manner, the sample complex spatial correlation coefficient for a pixel at location ( x , y ) between an original and decompressed SAR image can be computed from where the indices i and j represent pixels in a neighborhood about pixel (x,y), and ,f and g are the original and decompressed images. This correlation is measured over a neighborhood about 'each pixel in the chip, and will fall in the range [0.0,1.0]. Perfect correlation for a particular pixel is indicated by a value of 1.0 and occurs if every complex value within the neighborhood of the original pixel is equal to the corresponding pixel value in the decompressed neighborhood: a value of 0.0 indica.tes that they are completely uncorrelated. Equation (1) assumes a zero mean in the neighborhood, which is generally true for complex SAR images with sufficient neighborhood size. This correlation map may be viewed to subjectively judge the quality of the decompressed image as a whole or to see where the areas of highest/lowest correlation are. Additionally, this correlation metric leads to a single global quality measure, the average spatial correlation, which is .just the mean value of the correlation map. This metric has been shown to be more robust than MSE aind S N R and more consistent with visual quality [4]. advantage to using complex-valued wavelets, at least not so for those wavelets tested. In fact, in almost all cases, real-valued wavelets outperformed the complexvalued wavelets at every compression ratio. Secondly, we note that the quality using complex wavelets dropped off with increasing compression ratio faster than the real wavelets. Finally, we note that the use of complex wavelets involves a greater computat'ional burden than using real wavelets on the real and imaginary planes separately. For example, consider a 2-tap filter bank to compute one complex wavelet coefficient: using the Haar wavelet on the two planes separately requires a total of four multiplies and two additions, while using a 2-tap complex wavelet requires eight multiplies and six adds, due to the cross terms.
Results and concluisions
We attribute these spatial correlation results to the large presence of distributed targets throughout S A R imagery (natural scatterers such as grass, water, rocks, etc.). The in-phase and quadrature components of these complex pixel values can be modeled as samples from zero-mean, independent and identically distributed gaussian probability densities [6] and as such offer no correlation between the real and imaginary planes. This fact is borne out if the correlation coefficient [7] is computed for each pixel between the original real "image" and the imaginary "image". This value, which will fall in the range [-1.0 advantage of between the planes in these areas of the image. Real wavelets however, are better suited to take advantage of whatever spatial correlation exists within either the real or imaginary plane.
As an example of correlation maps between original and decompressed imagery, a complex image of the Sandia Solar Test Facility collected by the Sandia Otter platform was compressed at 6:l and 12:l (using the biorthogonal 2/6 real-valued wavelet filters separately on the real and imaginary components). Figure 1 is a detected and log-mapped version of the original image. Figure 2 shows the decompressed result at a 6:1 compresson ratio (top) and the resulting complex correlation map (bottom). This map was formed with a 5x5 correlation neighborhood, and the mean value of this correlation map, the average spatial correlation has a value of 0.95. Figure 3 shows the decompressed result at a compression ratio of 12:l ((top) and the corresponding correlation map (bottom). In this figure, the average spatial correlation is 0.87'. The spatial correlation map is brighter overall for the 6:1 compression, corresponding to a higher quality than the 
Correlation Map (bottom)

